The Burkholderia cenocepacia cepIR quorum sensing system regulates expression of extracellular proteases, chitonase, and genes involved ornibactin biosynthesis, biofilm formation, and motility. In a genome wide screen we identified cepIR regulated genes by screening a random promoter library of B. cenocepacia K56-2 constructed in a luminescence reporter detection plasmid for differential expression in response to N-octanoyl-L-homoserine lactone (OHL). Eighty nine clones were identified, 58 in which expression was positively regulated and 31 in which expression was negatively regulated by cepIR. The expression profiles of the 89 promoter clones were compared in the cepI mutant, K56-dI2, in medium supplemented with 30 pM OHL and K56-2 to confirm that the presence of OHL restored expression to wild type levels.
The Burkholderia cenocepacia cepIR quorum sensing system regulates expression of extracellular proteases, chitonase, and genes involved ornibactin biosynthesis, biofilm formation, and motility. In a genome wide screen we identified cepIR regulated genes by screening a random promoter library of B. cenocepacia K56-2 constructed in a luminescence reporter detection plasmid for differential expression in response to N-octanoyl-L-homoserine lactone (OHL). Eighty nine clones were identified, 58 in which expression was positively regulated and 31 in which expression was negatively regulated by cepIR. The expression profiles of the 89 promoter clones were compared in the cepI mutant, K56-dI2, in medium supplemented with 30 pM OHL and K56-2 to confirm that the presence of OHL restored expression to wild type levels.
To validate the promoter library observations and determine the effect of a cepR mutation on expression of selected genes, the mRNA levels of nine genes whose promoters were predicted to be regulated by cepR were quantitated by qRT-PCR in the wild type, cepI and cepR mutants. The expression levels of all nine genes were similar in the cepI and cepR mutants and consistent with the promoter-lux reporter activity. The expression of four selected cepIR regulated gene promoters was examined in a cciIR mutant and two of these promoters were also regulated by cciIR. This study extends our understanding of genes for which expression is influenced by cepIR and indicates the global regulatory effect of the cepIR system in B. cenocepacia. 
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INTRODUCTION
Strains of the Burkholderia cepacia complex (Bcc) have emerged as important opportunistic pathogens in patients with cystic fibrosis (CF) and chronic granulomatous disease (CGD) often resulting in significantly high mortality (10, 27, 29, 41 ). The Bcc is comprised of nine species all of which have been isolated from environmental and clinical sources (10) . B.
cenocepacia is the most prevalent Bcc isolate in CF respiratory infections (35, 41) . There are numerous cases of transmission of Bcc strains or clones between CF patients resulting in rigorous infection control measures (6, 29, 30, 32, 41) . The majority of transmissible clones belong to B. cenocepacia, which has also been reported to replace other Bcc species in CF respiratory infections (6, 30, 32) .
Quorum sensing (QS) system is a form of cell-cell communication that involves the production of small signalling molecules produced in a cell density dependent manner. In Gramnegative bacteria these signalling molecules are usually N-acyl-homoserine lactones (AHL) (for reviews see (44, 46) . Two sets of QS genes, cepIR and cciIR, have been identified in B.
B. cenocepacia H111 to its cepI mutant (36). Two-dimensional gel electrophoresis of these protein profiles revealed that there was differential expression of 55 out of 985 detectable spots.
Approximately 5% of the B. cenocepacia H111 proteome was downregulated and 1% upregulated in the cepI mutant. Nineteen peptides from 11 proteins were identified by N-terminal amino acid sequencing including peptides from AidA, FimA, SodB, RpsD, a thermolysin metallopeptidase and some hypothetical proteins (28). The thermolysin metallopeptidase was subsequently determined to be ZmpB and shown to be cepIR regulated in B. cenocepacia K56-2 using zmpB::lux reporter fusions (20) . Genes regulated by the cepIR QS system have also been identified using transposon mutagenesis. Seven genes, including cepI and aidA, were identified using a transposon that incorporates a promoterless lacZ reporter gene and screening for induction of β-galactosidase activity in the presence of OHL (47). Purified CepR was shown to directly bind to promoters upstream of cepI and aidA confirming that the CepIR system directly regulates expression of these genes (47).
Although several cepIR regulated genes have been identified using molecular and proteomic methods, the understanding of the cepIR regulon is far from complete. To identify additional cepIR regulated genes in B. cenocepacia K56-2, we employed a random promoter library using a sensitive luminescent reporter system that provides a high-throughput method for measurement of real time gene expression (7, 12) . A random promoter library of B. cenocepacia K56-2 luxCDABE transcriptional fusions was generated and screened in a cepI deletion mutant grown in medium with or without OHL to identify OHL responsive promoters. In addition, real time RT-PCR was performed on representative genes to confirm differential gene expression in K56-2 and its cepI and cepR mutants. The results of this study increase our understanding of cepIR mediated gene regulation in B. cenocepacia K56-2. 
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MATERIALS AND METHODS
Strains, plasmids and growth conditions. Strains and plasmids used in this study are listed in Table 1 . E. coli and B. cenocepacia were cultured aerobically at 37 °C in Luria Bertani (LB) medium (Invitrogen Canada Inc., Burlington, ON). For analysis of the expression of pvdA and orbI promoters cultures were grown in TSB-DC medium (33) . When appropriate, antibiotics were used at the following concentrations: for B. cenocepacia, 100 µg/ml trimethroprim (Tp), and 200 µg/ml tetracycline (Tc), and for E. coli, 25 µg/ml kanamycin (Km), and 1.5 mg/ml Tp.
Antibiotics were purchased from Sigma-Aldrich Canada Ltd (Oakville, ON).
Construction of the B. cenocepacia K56-2 random promoter library. Molecular biology techniques were generally performed as described by Sambrook et al. (38) . K56-2 genomic DNA was isolated as described by Ausubel et al. (4) and partially digested with Sau3AI (Invitrogen Canada Inc). The digested DNA fragments were separated by sucrose density gradient centrifugation. Fragments in the range of 0.5 to 3 kb were ligated into pMS402, which contains a promoterless luxCDABE operon (12) , previously digested with BamHI (New England BioLabs, Mississauga, ON) and dephosphorylated with Shrimp alkaline phosphatase (Roche, Mannheim, Germany). After enzyme inactivation, the dephosphorylated plasmid was purified using a QIAgen PCR purification kit (QIAGEN, Mississauga, ON). Ten independent ligation reactions were performed using various vector and insert ratios and were electroporated into ElectroMAX DH10B cells (Invitrogen Canada Inc.) using a Gene Pulser (BIO-RAD Laboratories Inc., Hercules, Calif.). The efficiency of ligation was determined on 12 randomly selected transformants from each ligation using colony polymerase chain reaction (PCR) with pZE05 (5'-CCAGCTGGCAATTCCGA-3') and pZE06 (5'-AATCATCACTTTCGGGAA-3') for the open reading frame identified in the promoter fusion were analyzed on both the sense and antisense strand and sequences with at least 50% identity to the consensus were considered to be putative cep boxes. Table 2 .
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The NADH dehydrogenase ndh gene, BCAM0166, was determined not to be regulated by cepIR and was used as a reference standard. The ndh RNA was generated and purified from pBS7 as previously described (14) . The purified ndh RNA (20fg-200pg) was used to construct a standard curve for quantification using ndhF and ndhR primers to amplify the internal sequence.
Quantification was determined with the TaqMan 7500 instrument and SYBR green RT-PCR reagents (Applied Biosystems). The primer amplification efficiency for each primer pair was within 10% of the efficiency determined for ndh, ensuring the validity of using relative gene expression analysis. The cDNA from genes homologous to BCAS0409, zmpA; BCAL3506, fliM; pBCA054, regulator; BCAL3010, spoT; BCAM2041, bcscR; BCAL1699, pvdA; BCAL2732, cold shock; BCAL3524, gspC and BCAM0931; katB were generated by gene specific primers listed in Table 2 . Reverse transcription reactions were performed in 10 µl (1X TaqMan 
RESULTS
Development of an assay to identify CepR regulated promoter fusions. An assay was developed to identify both positively and negatively regulated promoters under control of the cepIR QS system by looking for differential expression in medium in the presence or absence of Fig. 1A and B) . The expression levels of cepR::lux in K56-2 and K56-dI2 in medium with 30 fM to 300 pM OHL were lower than in K56-dI2 in medium without OHL at time intervals between 9 and 16 h (Fig. 1C) . At 16 h, the expression of the cepR::lux fusion was 2.4-fold lower in medium with 30 fM OHL in K56-dI2 than in medium with no OHL. These results are similar to previously reported observations that cepI and zmpA are positively regulated by cepIR and cepR is negatively regulated by cepIR (24, 40). Little difference in expression of the cepI or zmpA fusions was observed in medium supplemented with between 3-300 pM OHL and therefore OHL concentrations in this range were considered to be sufficient for the identification of promoters positively regulated by CepR. OHL at these concentrations had no effect on the growth of these strains (data not shown).
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Expression of the cepR::lux fusion was decreased to wild-type levels in K56-dI2 grown in medium with 300 fM to 3 pM OHL during late log and early stationary phases of growth;
on October 3, 2017 by guest http://jb.asm.org/ Downloaded from however, expression of this fusion increased over time possibly due to the culture either using up or breaking down the OHL added to the medium (Fig. 1C) . These data suggest that it would be possible to identify genes negatively regulated by cepR at 16 h but that it might not be possible to identify negatively regulated genes at later times. Although the optimum time for identification of negatively regulated genes would be in cultures grown for 10-12 h there is considerable variability in growth rates of K56-dI2 in 384 well plates making the analysis of expression of the promoter fusions difficult at these times. Therefore K56-dI2 containing the promoter clone library was screened at 16 h in medium with 0, 3 or 300 pm OHL. Two OHL concentrations were used since although there was little difference in response of the three test promoters to medium with 3 or 300 pM OHL, it is possible that CepR might have different affinities for promoters depending on OHL availability.
Construction and screening of a random promoter library. To identify genes
controlled by the cepIR QS system, a random promoter library of B. cenocepacia K56-2 was generated using DNA fragments up to 3 kb in size cloned upstream of luxCDABE in pMS402 in K56-dI2, a cepI mutant. The insertion efficiency of the random promoter library was estimated by averaging the efficiencies of the individual ligation reactions. Therefore, in a total of 36,096
clones, 21,952 clones (60.82%) were predicted to contain inserted fragments.
Of 36,096 potential clones initially screened, 12,676 clones had luminescent activity either in medium with or without OHL. These data suggest that 57% of the potential clones 
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Upon further analysis of the sequence of several promoter clones, it was discovered that these clones contained sequences that were not adjacent on the J2315 genome and therefore were hybrid plasmids containing multiple inserts. To eliminate clones containing multiple fragments, and possibly multiple promoters, the complete sequence of all clones was determined, which revealed that 45 (34%) of the 134 promoter clones contained inserts consisting of non adjacent sequences on the genome or hybrid clones.
Of the remaining 89 promoter clones, expression of 58 was positively influenced by OHL in the medium, whereas expression of 31 clones was negatively influenced by OHL (Table 3) .
Five clones showed > 5-fold differential luxCDABE expression between medium with and without OHL, 57 clones showed between 2-5-fold differential expression and 27 showed 2-fold differential expression in response to OHL (Table 4) . These 89 clones were introduced into K56-2 and their expression was compared to levels obtained in K56-dI2 (Table 3) . Forty seven clones exhibited 2-5-fold differential expression of luminescence between K56-dI2 and K56-2, 12
clones had > 5-fold difference in expression, 10 clones had a 2-fold difference in expression;
however, 20 clones showed < 2-fold difference in expression. The difference in expression profiles of promoter clones observed between K56-dI2 in medium with or without 30 pM OHL was generally similar to the differences observed between the promoter activity of the clones expressed in K56-dI2 or K56-2. Fourteen clones with an approximately 2 fold difference in expression in K56-dI2 between medium with and without OHL had differences of expression between 1.4 and 1.9 fold between K56-2 and K56-dI2.
Genes were identified based on the unpublished annotation file of B. cenocepacia J2315 (Table 3) . Genes expressed under the control of cepIR are involved in adaptation or resistance, type II and type III secretion system, metabolism, membrane or surface structures, regulatory Clone PBS-E62, which contained part of the zmpA gene and its promoter region promoter, had 4.6-fold higher activity in K56-dI2 in medium with 30 pM OHL than in medium without OHL and 2.6-fold greater activity in K56-2 compared to K56-dI2. These results are similar to those previously reported for zmpA::lacZ fusions (40). Two clones containing type II secretion system genes gspG (PBS-B40) and gspC (PBS-C53) were identified that showed 2-fold negative regulation. Twenty copies were obtained of clone PBS-E51, which contains a promoter for the plasmid encoded gene pBCA054, which exhibits similarity to response regulator proteins of the LuxR family. This promoter was positively regulated with an 8.6-fold increase in expression in K56-dI2 in medium with OHL and was expressed approximately 15-fold higher in K56-2 than in K56-dI2 (Table 3) .
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Clone PBS-F24 contained part of cepI and the cepI promoter region. This clone had 16-fold higher lux activity in K56-dI2 grown in medium supplemented with 30 pM OHL than in medium without OHL and 3.6-fold higher activity in K56-2 compared to K56-dI2. These data are similar to previous studies that demonstrated cepI expression is positively regulated by cepR and is significantly decreased in a cepI mutant without OHL supplementation (24). This clone was determined to contain multiple fragments of the cepI promoter region as well as a nonadjacent fragment and therefore was not included in Table 3 .
The sequence upstream of the pvdA gene was found in two identical clones, which unfortunately contained non-adjacent DNA fragments, and is also not listed in Table 3 . The pvdA gene (BCAL1699) encodes for L-ornithine 5-monooxygenase and has previously been shown to be negatively regulated by cepIR (24). Interestingly, the promoter clones that contained pvdA or orbI (1). The promoter region upstream of BCAL1696 was cloned into pMS402 and designated pVDO301. The expression of these two promoter::lux fusions was compared in K56-2, K56-dI2 and K56-R2, the cepR mutant (Fig. 2) . The expression of the lux fusion in pVDA01 was 2-fold higher in K56-2 than the cepI or cepR mutants indicating that this fragment does contain a promoter that is positively regulated by CepR. The promoter in pVDO301, however, was expressed at approximately 5-fold higher levels in the cepI and cepR mutants compared to K56-2, indicating that this promoter is negatively regulated by CepR (Fig. 2) . Expression of lux in pVDO301 was also repressed by the addition of iron to the medium (data not shown). These data suggest that expression of pvdA may be influenced by two promoters that are regulated differently by CepR but the major iron-regulated promoter of this ornibactin biosynthesis operon is negatively regulated . and introduced into K56, K56-dI2 and K56-R2. Luminescence activity was monitored over time.
Expression of the bcscV::lux fusion was significantly higher in K56-2 than in either K56-dI2 or K56-R2 (p<0.05 ANOVA). For example, after growth for 16 hr the mean CPS/OD ± standard deviation was 9345 ± 3403 for K56-2, 2465 ± 34 for K56-dI2, and 514± 92 for K56-R2.
Therefore, bcscV is also positively regulated by the cepIR QS system. . Since the two promoters cloned upstream of pvdA were regulated differently on the multicopy plasmid pMS402, pvdA (BCAL1699) was included in the analysis to determine the regulation of this gene in single copy in the genome. BCAM2041 (bcscR) was included in the analysis although the promoter clone contained multiple inserts to confirm that bcscR was regulated by cepIR, since the promoter for the second type III gene cluster upstream of bcscV was shown using the promoter lux fusions to be positively regulated by cepIR. Total RNA of K56-2, K56-dI2 and K56-R2 were extracted and used as templates in qRT-PCR. Quantitative expression levels of each gene were performed using sequence specific primers for each target gene ( Table 2) . The ndh gene, encoding for NADH dehydrogenase, was selected to use as a (Fig. 3) . Therefore, in subsequent assays the ndh gene was used as a reference to compare the expression of the other genes predicted to be regulated by CepR. We also used qRT-PCR to quantitate the expression of these genes in the cepR mutant.
Confirmation
A C C E P T E D
The relative mRNA levels of these nine genes in K56-R2 were similar to K56-dI2.The differences in expression of BCAS0409, zmpA; BCAL3506, fliM; pBCA054, regulator; BCAL3010, spoT; BCAM2041, bcscR; BCAL1699, pvdA; BCAL2732, cold shock protein;
BCAL 3524, gspC and BCAM0931, katB were 16.2, 3.2, 13.8, 3.4, 13, -3.5, -6.5, -6, -2.2-fold, respectively, between K56-2 and K56-R2 (Fig. 4) . These results indicate that CepR and the AHLs produced synthesized by CepI are required for the regulation of these genes.
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Influence of cciIR on expression of selected genes. Since K56-2 also contains the CciIR quorum sensing system we decided to examine the expression of a few genes identified in the promoter library to see if they are also regulated by CciIR. The plasmids pBSC01 (BCAL1040::luxCDABE), pVDO301, pBS34 (fliM::luxCDABE), and pBS18 (katB::luxCDABE),
were introduced into K56-2cciIR which contains a deletion of the cciIR promoter and therefore does not express either cciI or cciR (31) . The expression of BCAL1040 and orbI was influenced by the cciIR mutation throughout growth in a similar manner to the cepI mutant. BCAL1040 expression was positively regulated by cciIR (Fig. 5A ) and orbI expression was negatively regulated by cciIR (Fig.5B ). There was no difference in expression of either fliM or katB between K56-2 and K56-2cciIR. For example, the CPS/OD 600 in these strains containing pBS-B34 (fliM) was 1.1x10 4 ± 206 and 1.4x10 4 ± 1009, respectively. The CPS/OD 600 for pBS18
(katB) was 670 ± 61and 620 ± 2 4, respectively. Therefore, some genes are regulated by both quorum sensing systems, whereas others are likely regulated independently.
Identification of potential cep boxes upstream of CepR regulated genes.
To determine which promoters might be directly regulated by cepIR, a cep box consensus sequence was used to search the region upstream of the identified orfs in the promoter clones. Thirty genes had a potential cep box with at least 50 % identity (Table 3) . If more than one potential cep box was identified, the one with the highest homology or closest to the start codon was selected. A cep box was also identified upstream of BCAL1696 (orbI) (CCGTTCGTCACACCAGTG) -42 bp from the start codon on the coding strand. These data suggest that most of the genes identified are likely to be indirectly regulated by CepR. Six potential regulatory genes were identified that had putative cep boxes. It is possible that these genes are intermediate regulators in the CepR regulatory cascade. 
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DISCUSSION
A random promoter library with a lux based reporter was used to identify genes with promoters responsive to OHL. This approach provided a sensitive quantitative method to identify differentially expressed genes in high throughput conditions. Eighty-nine promoter clones were differentially expressed by at least two fold in the cepI mutant in the presence or absence of exogenous OHL. The majority of these clones were also differentially expressed by at least two fold between the wild-type and the cepI mutant. Both positively and negatively regulated promoters were identified, the majority of which have not previously been shown to be regulated by the cepIR QS system.
Several approaches have been used to identify cepIR regulated genes in B. cenocepacia or B. cepacia. A promoter library approach employing a lacZ reporter plasmid that also contained cepR was used to identify B. cepacia cepIR regulated genes expressed in E. coli (3).
The vector used in our study enabled screening in the natural host rather than E. coli, which would make it possible to identify clones that require additional genes for expression that are present in B. cenocepacia but not present in E. coli. A promoterless lacZ based transposon approach was used to identify OHL induced genes in a cepI mutant of B. cenocepacia (47). In the studies using the lacZ reporter systems (3, 47) the initial screens were performed using bluewhite selection, which is less sensitive in determining differences in expression than the luxCDBAE reporter, and resulted in identification of genes that expression was only detectable in the presence of OHL. The pMS402 lux reporter system has an advantage over the two lacZ reporter systems, since it is possible to detect genes that are expressed in the absence of cepI and OHL, but have increased expression in the presence of cepI and OHL. It was also possible to use this system to identify negatively regulated as well as positively regulated genes. Although we Cold shock proteins (CSPs) are small proteins (~7 kDa) that are involved in mRNA folding, protein synthesis and/or freeze protection. It is believed that they can function as RNA chaperones to reduce secondary structure of RNA at low temperature (49). Expression of the cspA gene (PBS-F44), which encodes for a putative cold shock protein, was induced 2.9-fold in medium with OHL indicating that it is positively regulated by the cepIR system. A cold shock protein transcriptional regulator, cspC, was identified using signature-tagged mutagenesis (STM) Recently our laboratory has demonstrated that the cciIR QS system interacts with the cepIR QS system in B. cenocepacia K56-2 (31). Expression of some genes is influenced by both Similar results were obtained at other timepoints in stationary phase. 
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